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PREFACE

The purpose of this effort was to develop a
refractive optical display to provide an out-the-window
scene for multi-crew cockpits. Parallel design studies
sponsored by AFHRL have recently recommended a large
off-axis spherical mirror as the imaging system most
likely to meet the design goals stated. Because the
technology to produce these large mirrors was untried and
considered to be high risk, this effort investigated the
use of lower risk, lower cost refractive optics to fulfill
the need for multi-viewer infinity displays. The contract
for this effort was awarded to Electronic Systems
Products, Incorporated. This study was conducted for the
Operations Training Division, Air Force Human Resources
Laboratory, Air Force Systems Command. The study supports
Project 1958, Training Simulation Technology Integration,
Mr. Warren E. Richeson, Project Monitor; Task 1958-01,
Advanced Visual Systems, Mr. Eric G. Monroe, Task Monitor;
and Work Unit 1958-01-11, Refractive Optical Displays, Mr.
Weldon M. Dube', Work Unit Monitor.
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1.0 INTRODUCTION

In an earlier study, Electronic Systems Products, Inc.
designed and analyzed a polystyrene corrector lens for an
existing polymethylmethacrytate positive aspheric element.
The results showed that an optimum correction lens was
feasible to correct the existing lens substantially, but

the optimal solutions were too long and required too large a

display screen to be useful. One of the recommendations
of that report was to attempt a design that would fall

4 between the optima and the uncorrected singlet and be a
good compromise. Work according to this conmpromise has

been completed, and this report describes the results.
The approach chosen was an aspheric polystyrene

corrector between the observer and the old element. The
i focal length is 117 inches. The chromatic errors are

] approximately seven times better than the old singlet.




2.0 GOALS AND REQUIREMENTS

This collimator is to be used in a visual simulator to
view a three-color image projected onto a screen. The
singlet collimator by itself does an adequate job but
results in color fringes that are noticeable. Some of this
can be corrected by adjusting the magnification of each of
the three color images, as they are projected, but the
actual chromatic error achieved depends upon the position
of the viewer's head. Thus, projection compensation is not
entirely satisfactory. It was demonstrated in the earlier
study, referenced in Section 1.0, that the chromatic error
could be substantially removed using a negative corrector
element, but the lens with optimum correction left the
screen size and position too targe. The goal of this
program is to provide as much correction as possible within

a restricted package size to allow adjoining displays.

Table 1 1ists the goals and achievements of this
project. A1l of the goals have been met, and the chromatic

errors in the worst case have been reduced by as much as a

factor of 7.

cmanl
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3.0 DESIGN DESCRIPTION AND ANALYSIS

The design consists of two elements, the existing
acrylic element and a polystyrene corrector plate. The
corrector plate is aspherized on both sides to the 10th
order. Table 2 describes the design, showing the surface
equation, element center thickness, airspaces, and clear
apertures. Table 2 also provides a complete listing of
surface coordinates for the corrector plate (in increments
of 0.05 inch) used to manufacture the lens. Figure 1
illustirates the lens in cross-section. The pupil position
is that for the P-rays described in Table 3. This table
1ists the four head or pupil positions used to design and

analyze the lens.

The analysis was conducted differently than in the
earlier study. A new metric analysis program developed as
part of CODE V allows differences in configurations to be
calculated as a function of input angle. This program was
used to find differences at the two ends of the spectrum.
These chromatic differences are shown for half of the front
element diameter (because of planar symmetry) in Tables 4
through 11 for each of the head positions. The errors are
converted to angular errors in viewing space. Note that
the tables are displayed upside-down, i.e., positive

elevation angles increase downward).




A similar analysis was performed on the single
element, and the results are shown in Appendix I.
Comparing results of the two analyses shows an improvement
by a factor of from 3 to 7 for the chromatic errors. These
same errors can be represented as intercept differences at
the screen. They are presented in this form in Tables 12

through 19 for the corrected collimator.
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MODEL DATA
YAtk ]
WDIFIED DOUBLET  COLLIMATOR LSP-DI$-002 1300
ELEMENT R] R2 T cAl A2 GLASS
0BJECT DISTANCE = INFINTTY
APERTURE STOP 2.500
DECENTER (1)*1 )
40.0624
26.790%2
1 AQ) A2) 1'2338 51.9832  52.9953  PLYST
2 A3) A4) 10.1968 53.7420  55.6675  491.572
116.3910%3

Defocussin = -6.3910
TNAGE -m.wﬂ 255, 5452

NOTE - POSITIVE RADIUS INDICATES THE CENYER OF CURVATURE IS TO THE RIGHT
NEGATIVE RADIUS INOICATES THE CENTER OF CURVATURE IS TO THE LEFT

- DIMENSIONS ARE GIVEN IN INCHES

ASPHERIL CONSTANTS

f A + [A)Y4 + (B)Y6 + (C)Y8 + (D)Y1O
1+ {1-(1+K){CURY)2Y2).5

ASPHERIC _CURY X A 8 [ 0

Az l{ .00320391  0.000000 -3.54275¢ -6 2.22057FE -9 3.69805€ -13 -1.57559E -15
A 2 00766631  0.000000 -2.55995€ -6 2.50B41F -9 -2.75658f -12 1.05124f -15
:i 2; .00572633  2.216700 -2.13450f -7 -1.01360t -9 1.12410€ -12 -3.72780t -17

-.71619050 -2.503000 -2.12120€ -6 4.66780E -9 -7.96500F -12 4.22520€ -15

DECENTERING CONSTANTS

DECENTER X Y z ALPHA BETA GAMMA
(1) 0.0C00 3.60000*1 0.00000 0.00000 0.0000C 0.00000
M PARA! S . >, 0s . 0S .

2 = 3.5000 -3.6000 18.7812 18.5430
*2 = 26.7909 68.1909 38.0720 56.985!1
*3 - 116.3910 116.3910 116.3910 116.3910

NOTE: THIS 15 A DECENTERED SYSTEM, IF ELEMENTS WITH POWER ARE DECENTCRED OR
TILTED, THESE FIRST ORDER PROPERTIES ARE PROBABLY !NADLQUATE IN DESCRIBING THE

SYSTEM CHARACTERISTICS.

POS.1 P0S.2 P0S.3 POS.4

EFL = 117,0000 117.0000 117,0000 117,0000
BFL = 116.3910 116.3910 116.3910 116.3910
FFL = -82,6137 -41.2137 -71.3326 -52.4195
F/NC = 46,8000 46.8000 46.800 46.8000
OAL = 38.8877 80.2377 50.1688 69.0819
SEMI-FIELD

ANGLE . 34,0000 21.2500 8.8200 6.0500
ENTR PUPIL

DIAMETER = 2.5000 2.5000 2.5 2.5000
DISTANCE - 0.0000 0.0n00 0.0000
©.0000
EXIT PIPIL

DILMETER = 3.5406 7.692 4.1005 5.5800
DISTANCE = -43,3079 -215.7560 -78.5129 ~144.7524
AREP STOP

DIAMETER » 2.5000 2.5000 2.5000 2.5000

Table 2
6

SOV > OG-S

[N O

———— o L



MODIFIED DOUBLET COLLIMATOR

— oy R o iy

SCALE 0.025
Position
ORA 7/23/79

FIGURE 1
7
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It is desirable to correct some of the chromatic error
by matching the ray heights for each color to its
corresponding angle (i.e., changing the magnification for
each color so that the differences in image height on the
screen correspond to the chromatic aberration differences
for each angle). The amount of error is not only a func-
tion of look angle, but also pupil position. Tables 20
through 23 show the ray heights versus anglie from the four
pupil distances. The offset was removed from the pupil
position so that the data are for an axially symmetrical

point.

Finally, a calculation of the binocular errors was
performed for each of the head positions. The results are
shown in Tables 24 through 31. Convergence and diver-
gence are horizontal errors. Divergence implies that
one eye 1ooks up slightly while the other locks down. 1In
the cases shown, convergence is negative and divergence is
positive. The largest binocular error is for the P-rays
and is slightly over 6 milliradians convergent. A slight
improvement can be made by increasing the distance to the

screen, but of course, the screen must become larger.
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The same types of errors are listed for the single
element in the Appendix. The dominant error is divergence,
which makes the images appear as though they were in back
of the viewer's head. Actually, the angles are difficult
to fuse if the errors are too large, because they are near

the edge of the aperture.
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RERE 5 i el o ki el

Wave Length —» 480 520 620
Angle Image Image Image
(Degrees) Height Height Height
0.0000 0.000000 0.000000 0.000000
1.9000 3.712527 3.729595 3.758954
3.8000 7.421425 7.455523 7.514172
5.7000 11.123509 11.174556 11.262357
7.6000 14.816427 14.884304 15.001052
9.5000 18.498974 18.583524 18.728941
11.4000 22.171276 22.272299 22.446039
13.3000 25.834816 25.952070 26.153710
15.2000 29.492267 29.625463 29.854501
17.1000 33.147129 33.295928 33.551771
19.0000 36.803143 36.967148 37.249105 ]
20.9000 40.463488 40.642240 40.949511
22.8000 44.,129781 44,322754 44,654423
24.7000 47.800887 48.007487 48.362521
26.6000 51.471625 51.691197 52.068454
28.5000 55.131474 55.363313 55.761566
30.4000 58.763509 59.006882 59.424862
32.3000 62.343903 62.598085 63.034528
34.2000 65.842483 66.106782 66.560487
36.1000 69.224839 69.498610 69.968457
38.0000 72.456302 72.738904 73.223774

RAY INTERCEPT HEIGHTS VERSUS VIEWING ANGLE :
FROM P~RAY DISTANCE*

*Rays are traced from a point on the optical axis equal in
distance to the P-ray pupil point, but not decentered.

Table 20
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RAY INTERCEPT HEIGHTS VERSUS VIEWING ANGLE ’
FROM Q-RAY DISTANCE*

Wavelength — 480 520 620

p Angle Image Image Image

y (Degrees) Height Height Height
0.0000 0.000000 0.000000 0.000000
.9250 1.844345 1.852491 1.866507
1.8500 3.688552 3.704829 3.732832
2.7750 5.533107 5.557481 5.599414
! 3.7000 7.379643 7.412064 7.467839
g 4,6250 9.231300 9.271698 9.341192
5.5500 11.092821 11.141105 11.224159
6.4750 12.970356 13.026412 13.122825
7.4000 14.870915 14.934604 15.044133
8.3250 16.801494 16.872652 16.995010
9.2500 18.767902 18.846342 18.981199
10.1750 20.773379 20.858894 21.005889
] 11.1000 22.817170 22.909542 23.068295
12.0250 24.,893277 24.,992291 25.162423
12.9500 26.989700 27.095154 27.276312
13.8750 29.088539 29.200261 29.392147
14.8000 31.167410 31.285269 31.487653
15.7250 33.202646 33.326546 33.539263
16.6500 35.174748 35.304608 35.527511
17.5750 37.076584 37.212271 37.445127
18.5000 38.924753 39.065964 39.308243

i
*Rays are traced from a point on the optical axis egual in
distance to the Q-ray pupil point, but not decentered.

Table 21




Y

RAY INTERCEPT HEIGHTS VERSUS VIEWING ANGLE

FROM POSITION 1 PUPIL DISTANCE*

Wavelength — 480
Angle Image
(Degrees) Height
0.0000 0.000000
1.4085 2.767580
2.8170 5.533745
4,2255 8.297490
5.6340 11.058586
7.0425 13.817855
8.4510 16.577319
9.8595 19.340182
11.2680 22.110633
12.6765 24.893456
14,0850 27.693440
15,4935 30.514616
16.9020 33.359357
18.3105 36.227401
19.7190 39.114898
21.1275 42.013624
22.5360 44.910568
23.9445 47.788154
25,3530 50.625454
26.7615 53.400764
28.1700 56.095981

520

Image
Height

.000000
.780167
.558895
.335158
.108704
.880331
.652035
.426996
.209373
.003920
.815392
.647785
.503436
. 382052
.279755
.188307
.094692
.981349
.827378
.611104
.314432

620

Image
Height

.000000
.801817
.602157
399952
.194911
.987791
.780544
.576303
.379181
.193874
.025080
.876733
.751111
.647862
.563065
.488451
.411003
.313185
.174142
.972253
.689437

*Rays are traced from a point on the optical axis equal in
distance to the Position 1 pupil, but not decentered.

Table 22




RAY INTERCEPT HEIGHTS VERSUS VIEWING ANGLE
FROM POSITION 2 PUPIL DISTANCE*
Wave Length~—> 480 520 620
Angle Image Image Image
(Degrees) Height Height Height

0.0000 0.000000 0.000000 0.000000

1.0655 2.113019 2.122454 2.138686

2.1310 4.225655 4.244507 4,276939

3.1965 6.338092 6.366325 6.414896

4.2620 8.451573 8.489133 8.553746

5.3275 10.568736 10.615547 10.696070 :
6.3930 12.693728 12.749693 12.845959 j
7.4585 14.832064 14.897064 15,008859 ;
8.5240 16.990179 17.064067 17.191136

9.5895 19.174687 19.257289 19.399329

10.6550 21.391361 21.482478 21.639139

11.7205 23.643918 23.743326 23.914216

12.7860 25.932710 26.040167 26.224864

13.8515 28.253516 28.368770 28.566835

14.9170 30.596656 30.719462 30.930463 L
15.9825 32.946777 33.076905 33.300446

17.0480 35.283648 35.420903 35.656640

18.1135 37.584436 37.728657 37.976311

19.1790 39.827871 39.978922 40,238257
20.2445 42.000779 42.158509 42.429262

21.3100 44.,107390 44.271545 44,553269

*Rays are traced from a point on the optical axis equal in
distance to the Position 2 pupil, but not decentered.

Table 23
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4.0 CONCLUSIONS

A polystyrene corrector has been designed for an acrylic
aspheric collimator that reduces the maximum chromatic
errors by a factor of seven. Other solutions that utilize
the singlet, and provide even better chromatic correction,
are unacceptable due to the requirement for an excessively

large screen.

The screen is curved and both the focal length and back
focal distance are longer (117 and 110 inches respectively)

than for the single element alone.
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APPENDIX I
Singlet Chromatic and Binocular
Errors Reference
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